A value analysis methodology (Sadhukhan et al, 2003 and 2004; Sadhukhan and Smith, 2007) has been presented for investigating into the economic feasibility of biorefineries. The methodology devises a mechanism for systematic design of industrial systems based on comprehensive assessment of value on processing and cost of production, hence marginal contributions from individual processing routes and products. The feasibility of extracting value added products such as arabinoxylans (AX) from wheat bran within a wheat biorefinery principally producing ethanol has been investigated. Site-wide integrated flowsheets have been created by which AX can be extracted after recovering bran from wheat with ethanol production from the remaining wheat. Based on the most promising test case, value analysis shows that creating a market for AX is feasible in terms of production costs if the AX is coproduced with ethanol. A comprehensive value analysis that includes capital investment policies indicates that the required market price for AX to breakeven against conventional biorefineries without value added production is a strong function of plant life and this may vary between 4-6 £/kg for a plant life of 5-2 years respectively. Further it shows that if a market can be created for AX as a food ingredient with a selling price of 6 £/kg, the ethanol co-produced can be sold at 10% less than from a conventional biorefinery under current economic scenario.
Introduction
Tackling the world energy crisis and global warming is among the top priorities nationally and internationally. Alternative energy sources such as renewable raw materials like cereals are therefore urgently sought to produce biorenewable fuels such as bioethanol in response to both diminishing world oil reserves and increasing environmental concerns over global climate change. Wheat is presented as the main cereal in the UK and EU. Production of bioethanol is increasing rapidly around the world (GAIN report: RP7029, 2007) . It is recognised that in order to make bioethanol production economically competitive and commercially feasible, the ethanol must be produced as one of several co-products within a biorefinery. Currently Distillers Dried Grain with Solubles (DDGS) is the major co-product of bioethanol production, but this is a relatively unsophisticated and low value product which is likely to be lower in value even further as the amount of bioethanol production increases. Broadly speaking, it is the bran fraction of wheat that is problematic for non-food processing, in terms of representing a large fraction of the raw material but ending up in a low value product such as DDGS.
Starch is fermented to ethanol, protein may be recovered, but bran can currently only be burned or sold as animal feed. Adding value to the bran fraction of wheat is necessary in order to enhance the economics of wheat-based biorefineries. Extraction of components of the bran appears to be the most promising route towards producing added-value products.
Products from biorefineries must compete with oil-derived products. At the same time, biorefineries must be designed using the precedence of oil refineries and must adopt and benefit from concepts developed in oil refining that have made it the efficient operation it is today. The oil refining model of extensive fractionation in order to extract value from every last drop of the barrel of oil must be adapted for cereal biorefineries.
In order to produce products that can compete with oil-derived products, cereal biorefineries must adopt the pattern of extensive fractionation and value addition within highly integrated processes. Bioethanol production is ushering in the new world of cereal biorefineries -the need for bioethanol is the driver for developments in this area, but these developments will lead to other products from cereals, including platform chemicals and plastics . For its own sake and for the sake of the wider range of sustainable products that will follow, there is urgency for adopting the process integration approaches as oil refineries and chemical industries for a competitive economic operation.
In the case of bioethanol, arabinoxylan (AX) appears to be a suitable candidate for coproduction. AX is present in wheat bran at high levels, and can be extracted in a process that uses large quantities of ethanol. This latter point immediately suggests a scope for efficient and economical recovery of AX within a process principally producing bioethanol. Extraction of AX would also slightly reduce production of DDGS which, in the face of greatly increased bioethanol production capacity, would be increasingly difficult to find market.
AX has several important functional properties that promise valuable applications in both the food and the non-food industries. These properties include viscosity enhancement and gel formation, and possibly foam stabilization and prebiotic activity In addition, the AX extraction process uses large quantities of ethanol to wash the bran and to precipitate the AX, which immediately offers scope for cost savings through process integration. However, AX is not currently available in large quantities commercially, and some of these applications are not yet demonstrated, particularly for wheat-derived AX. Creation of a commercial source of AX through co-production with ethanol would need concurrent creation of suitable markets for this novel product, which is not considered in this work. However, before further research on the functionality and possible end-uses of AX can be justified, it needs to be established whether in reality, under plausible scenarios, AX can be produced at a cost sufficiently low that the creation of a market for this product will be feasible. This research investigates into the design and integration of process flowsheets for producing AX in the context of wheat bioethanol plant.
The process integration tool developed for designing such integrated biorefineries is based on the value analysis methodology derived by Sadhukhan et al (2003 and 2004 ) and Sadhukhan and Smith (2007) . It builds from the graph theory by representing a processing route as a graph that consists of arcs (streams) and nodes (processes), interconnected to form paths and trees (Mah, 1983) . First, the economic margins of individual streams in such processing paths or trees are evaluated from the predicted values of their value on processing and cost of production. Next, the economic margins are established for the processing paths and trees from the marginal contributions of streams belonging to processing paths / trees. These are then correlated to the overall margin of an entire network. An overall integration strategy is developed so as to capture the impact of variable operating conditions and complex network connections in the detailed differential value analysis of systems.
This paper presents the value analysis methodology in section 2. Section 3
demonstrates the value analysis of a conventional wheat based bioethanol production flowsheet without any value added production. Section 4 describes the identification and value analysis of process flowsheets by which bran can be recovered from wheat for the purposes of AX extraction. The AX extraction section is integrated with the starch fermentation section producing ethanol. The flowsheets developed in the current work to integrate starch and barn extraction activities are presented. Capital cost analysis is then implemented in the value analysis of the integrated process flowsheets using the methodology proposed by Sadhukhan (2005) in section 5. Finally the work has been summarised in section 6.
Value analysis of process networks
Mah (1983) has demonstrated one to one correspondence between a process network and a directed graph. Sadhukhan et al (2003 and 2004) have showed the foundation of process networks at basic tree and path levels (elements) comprising streams and process units, such that the total marginal contributions of the basic elements in a process network equate to the margin of the overall network (Figure 1 ). At first, individual streams in basic elements in a process network are evaluated in terms of their value on processing (VOP) and cost of production (COP) based on given network configuration, internal and external (market) constraints. The difference between the two (VOP -COP) of a stream provides the marginal contribution from the stream.
Next, a complete stream in each basic element is identified, defined later, in order to equate its marginal contribution to that of the element in which it belongs to.
Thereafter, the marginal correlations are derived between basic elements (paths and trees) and an overall network, given by the summation of the economic margins of ) and the total operating cost (O) of the unit (unit operating cost multiplied by the throughput through the unit). This margin is associated with the COP of the product ((P) COP ) (Eq. 1) and the VOP of the feed
The evaluation of COP of streams starts from known market price of feedstocks and proceeds in the forward direction until end products in a directed network graph. The VOP evaluation proceeds in the backward direction for a process network to evaluate one after another stream from the end products with known spot on price to the feedstock. The difference between VOP and COP of a stream provides its economic margin or marginal contribution. It can be noted that the COP of a feedstock to a process flowsheet is nothing but its market price and similarly VOP of an end product is its spot on price.
The various stages for value analysis at individual stream, element and process network levels are summarised as follows. 
(
Cost of Production (COP) of a stream is the cost of the feedstock plus the operating costs of upstream units that have contributed to the production of the stream.
Value on Processing (VOP) of a stream is the spot on price of its end products subtracted by the operating costs of downstream units processing the stream. The value analysis tool also helps in planning, scheduling and day-to-day decision making on selling and purchasing strategies for streams (Sadhukhan et al, 2004 ).
There are 3! arrangements possible among three values of a stream, VOP, COP and market price (VOP > COP > market price; VOP > market price > COP; market price > VOP > COP; and so on) based on which various market integration strategies can be developed (Sadhukhan et al, 2004 ).
An ideal case is when the spot on price of a stream is in between its VOP and COP.
The margins incurred from both production and processing of the stream are positive (Eqs. [3] [4] and so is the overall economic margin of the stream. Thus, a necessary and sufficient condition for a stream to be non-profitable is when its COP is more than its VOP in a given network.
In the value analysis methodology streams are evaluated sequentially in the forward or backward directions in a directed process network in order to predict COP and VOP of streams respectively. This can pose a problem in predicting VOP and COP, where
there exist loops such as recycle streams, which are common in process flowsheets.
Sadhukhan et al (2003) has presented a methodology for the value analysis of loops / recycle streams that deals with the tearing of recycle streams and evaluation of COP and VOP of such streams separately using their production and processing elements respectively. The calculation procedure for recycles streams is detailed with examples elsewhere (Sadhukhan et al, 2003) .
Value analysis of a wheat based conventional bioethanol flowsheet
Following the procedure discussed in section 2, a value analysis framework for various bioethanol flowsheets proposed has been developed in EXCEL environment. These are used in the EXCEL based value analysis framework for predicting operating costs of various processes. The capital cost analysis is discussed later. Tables A1 and A2 respectively in Appendix A. Table A3 summarises Table 1   Table 2 Using the value analysis methodology discussed in section 2, the overall economic margin for the conventional flowsheet in Figure 2 is calculated as 99.67 £/t of wheat processed. The basis of calculation is a wheat-based biorefinery processing 340,000 t of wheat per annum with 330 operating days per year producing 99.6% pure ethanol.
The economic margin from a typical bioethanol flowsheet in Figure 2 can be predicted from the marginal value contributed by wheat or from the net profit from the end streams, ethanol, DDGS, CO 2 and the waste streams in Figures 2-3a respectively. An illustration of the calculations of COP and VOP is provided in Table 1 . Figure 3a The total operating cost of the facility is £40.9 million which corresponds to 120.19 £/t of wheat processed with 90% contribution from raw materials due to the price of wheat in the UK and only 10% for utilities. Our results were validated against Batchelor et al (1994) , who similarly found bioethanol production to be highly sensitive to wheat price and moderately sensitive to other prices. Table 2 comprises the percentage distribution of various cost components associated with the ethanol production in Figure 2 . Concerning the utilities, the highest costs are due to the consumption of steam, electricity and natural gas. This is also reflected in Table 2 with the highest costs of operation due to the ethanol recovery and liquefaction stages, where there is a high consumption of steam. The capital cost analysis (Sadhukhan, 2005 ) is presented in section 5.
Value analysis of flowsheets for arabinoxylan extraction
Wheat-based biorefineries are in principle capable of producing a wide range of products, including biofuels, platform chemicals and biodegradable plastics through 1) It employs inherently low toxicity chemicals, whereas some other procedures use materials inappropriate for a product intended for food use, such as barium hydroxide for the AX extraction instead of alkaline hydrogen peroxide;
2) It allows direct bioethanol integration;
3) It describes a pilot-scale procedure whereas others are at a lab-scale;
4) It provides a relatively high recovery of AX of approximately 50%. Once more, the product goes through a sieving and washing step, however this time with cold water. The product from the previous step is added to Treatment 3 which achieves the AX extraction through addition of hydrogen peroxide, pH adjustment to 11, temperature adjustment, and the addition of protein-degrading enzyme (alcalase). This is followed by sieving and washing with water. The collected filtrate is concentrated to one-fifth of its initial volume using an ultrafiltration step. Ethanol precipitation is undertaken using 96% ethanol to bring the retentate to a final concentration to 65%. The precipitated material is allowed to settle out at 4°C.
Centrifugation, washing (with 96% ethanol), and drying then follow. This proposed procedure is capable of producing a 70% purity product. To produce a higher purity product of 80%, -glucans are removed through an additional purification operation in which an enzyme (lichenase) is added, as shown in types of bran can be used for arabinoxylan extraction. Bran can be collected using debranner, roller mill or by sieve followed by hammer mill. The latter is the cheapest but the least efficient option. Alternatively, bran can be purchased from an external source, e.g. from a flour miller, if demand for extraction product goes up.
The following considerations play a major role in deciding the utilization of bran fraction in the integrated flowsheet designs.
1) It clearly presents that sending bran to DDGS has no economic benefit and hence sending bran to DDGS is not recommended.
2) It should fully integrate bioethanol within the biorefinery ( Figure B1 in Appendix B).
3) It should recover any starch remaining in the bran by washing the bran with water prior to extraction and sending it back to the liquefaction stage.
4) Furthermore, it can be safely assumed that it is much better to recover AX using the debranning option instead of the roller milling option due to the following reasons:
experimental results at a Manchester lab show that AX seems to be concentrated on the outer layers of wheat which can be extracted using a debranner; and the utility consumption (electricity) in debranning is less than in roller milling for which several milling and sifting stages are required to give a reasonably clean bran (Mustafa et al, 2007) . The flowsheets in Figures 6-7 retain the flexibility of employing either debranning or roller milling or both to obtain the bran for extraction. It does not imply that all bran initially associated with wheat needs to be recovered for AX extraction -only that the bran recovered needs to be processed for AX production rather than the DDGS production. The amount of bran to be extracted from wheat is dependent on the market demand of AX.
Appendix B provides raw material and utility requirements and ethanol reuse options within an integrated ethanol and AX flowsheet superstructure, as the basis for value analysis of flowsheets 6-7. The results indicate that the minimum market value for AX product with 70% and 80% purity is 1500 £/t and 2355 £/t respectively, based on break even point that gives the same economic margin as the conventional bioethanol flowsheet in Figure 2 . Above these market values of AX, its production starts to become economically more favorable than a conventional bioethanol plant. Figure 8 demonstrates the sensitivity of the overall economic margin to AX price. Further investigation into the production of 80% AX product reveals that the total annual operating cost of the plant in Figure 7 is £45.4 million, which corresponds to 133.43 £/t of wheat processed. This represents an increase by 11% in the total operating cost relative to the base case ( Figure 2 ). It is clear that the economics are much more sensitive to ethanol price than to the price of AX, due to the much higher yield of ethanol compared to AX. Hence, AX production will appear to be more promising with the increase in its market demand. Figure 3b shows the marginal contributions from individual products in the integrated flowsheet in Figure 7 with 80% purity AX co-product. All waste streams are presented as a combined waste stream which is mainly composed of water. The flowrate of the combined waste stream is above 500 kt/y however, only a small portion is shown in order to focus on the value analysis of the key products. For marginal contributions from individual products the area bounded between VOP-COP and flowrate of individual products is predicted. Figure 3b presents the market value of 2355 £/t of 80% purity AX required to provide a total economic margin similar to the base case.
The amount of AX produced is small 4 kt/y compared to ethanol production, 113 kt/y.
Selling any product at a price that exceeds its COP results in a profitable stream.
Capital cost analysis
The direct fixed capital (DFC) of the conventional flowsheet ( Figure 2 ) and the integrated flowsheet with AX co-production ( Figure 7 ) is presented in Table 3 . The calculation basis (Kwiatkowski et al, 2006 ) is detailed elsewhere (Mustafa et al, 2007 ).
The estimated DFC for an AX co-producing flowsheet with debranner is slightly more than without the bran extraction option. in total as shown in Table 4 . An annualised capital charge of 28% is predicted that satisfies the above conditions discussed. This percentage annualised capital charge multiplied with DFC for a plant (e.g. Table 3 ) provides the tolling fees (in £/y) of the plant. Thus the tolling fees per unit flowrate (in £/t) of a stream can be calculated for its production as well as processing routes and added to its COP (Eq. 3) or subtracted from its VOP (Eq. 4) respectively for incorporating the effect of capital cost in the value analysis of the stream, demonstrated by Sadhukhan (2005) .
A sensitivity analysis has been carried out on the annualised capital charge with respect to plant life for the same IRR, construction policy and period stated above.
Annualised capital charge is strongly dependent on the payback time when NPV is zero. As one intends to pay off loan quicker (reduction in payback time), annualised capital charge increases exponentially. For a plant life of 3 and 2 years from plant start up, the annualised capital charge predicted is 42% and 59% respectively.
Applying the above analysis to the integrated biorefinery flowsheet with 80% AX production in flowsheet 7, it is thus clear that as the plant life reduces from 5 to 2 years, AX market value should go up in order to pay off increasing annualised capital charge or tolling fees. It has been found that the required AX market price varies between 4 £/kg to 6 £/kg as the payback time reduces, in order to breakeven with the conventional biorefinery flowsheet in Figure 2 . Hence estimated market price of AX is a strong function of CAPEX. This certainly invokes further research scope for investigating into material and energy integration and optimisation of biorefinery flowsheets with integrated AX co-production. Table 5 carried out earlier in Figure 3 . This is equivalent to 1997.86, 2527.8 and 3197.66 £/t of difference in economic margin based on AX production route alone, respectively. In order to retain the same economic margin between the integrated flowsheet in Figure   7 and conventional case in Figure 2 , arabinoxylans now need to be sold at a price of 4352.86, 4882.8 and 5552.66 £/t respectively compared to 2355 £/t previously obtained without the consideration of CAPEX, as illustrated in Table 5 . Hence, the estimated AX market price based on overall considerations of plant operating and investment costs, is above 6 £/kg. It can be noted that oil refineries operate with a plant life much higher than 5 years (Sadhukhan and Zhu, 2002) . Plant life indicates the time within which no major investment occurs. Considering that biorefinery
market is yet to establish against oil refinery, a shorter plant life is safer to work with.
However, it's dependent upon the practitioner and market conditions and the methodology presented in this work can be conveniently adapted to different market scenarios. Furthermore, the capital cost analysis in Table 6 suggests that if a market can be created for AX as a food ingredient with a selling price of £6/kg (Basis: a plant life of 5 years, IRR 12% and annualized capital charge of 28%), the ethanol coproduced can be sold at 10% less than from a conventional biorefinery (Figure 2) under current economic scenario. The analysis is presented in Table 6 . Thus coproduction of AX appears to economically feasible and the additional revenue can allow a reduction in the selling price of ethanol. Table 3   Table 4   Table 5   Table 6 6. Summary
Bioethanol production requires co-production in order to achieve viable commercial operation. The current study investigates into the production of arabinoxylans in the context of wheat based bioethanol production. This has the potential to enhance the economics of ethanol production. The work evaluated the likely production costs and market values of AX if co-produced in a biorefinery principally producing bioethanol.
The work also investigated into the potential of employing debranning technology within bioethanol production. Based on our combined computational and experimental study (Mustafa et al, 2007) , presented in this paper the following recommendations and observations can be concluded.
1) Value Analysis is a powerful tool for assessment and selection of processing routes and products, which can be adopted for efficient design and operation of cereal biorefineries.
2) A detailed and comprehensive value analysis that includes capital investment policy has been presented. It indicates that the required market price for AX to breakeven against conventional biorefineries without value added production is a strong function of plant life and this may vary between 4-6 £/kg for a plant life of 5 to 2 years respectively. Further it shows that if a market can be created for AX as a food ingredient with a selling price of 6 £/kg, the ethanol co-produced can be sold at 10% less than from a conventional biorefinery under current economic scenario.
3) AX suitable for food use can be extracted from wheat bran using alkaline hydrogen peroxide, with ethanol used for bran washing and AX precipitation, and the extract purified with enzymatic treatments.
4) Starch in bran can be recovered for ethanol production by washing the bran with water prior to extraction, and sending the water plus starch to the liquefaction stage.
5) After wheat, the major raw materials costs for ethanol production are the enzymes, while the major raw materials cost for AX extraction is the hydrogen peroxide. A general description of the conventional wheat based bioethanol flowsheet in Figure 2 is as follows. The bulk of global production of ethanol comes from agricultural alcohol which may be distilled from a number of sources such as grain, molasses, fruit, wine, and cellulose. Roughly 60% of the world's ethanol production is from sugar crops (Berg, 2003) . Most of the remainder comes from grain, predominantly from maize, but with wheat becoming increasingly attractive as an alternative feedstock to maize in areas where wheat dominates, such as Canada. In the UK and EU wheat poses the cereal of choice.
The conventional production of ethanol from grain goes through a number of stages to 
